The rectified diffusion growth of a single air bubble levitated in an acoustic field (frequency = 22.35 kHz) in water and in aqueous solutions containing surfactants (sodium dodecyl sulphate and sodium dodecylbenzene sulfonate) was investigated.
Introduction
Acoustic cavitation refers to the ultrasound-induced formation, growth and collapse of microbubbles in a liquid. The growth of these microbubbles occurs by a process known as rectified diffusion. This happens when the acoustic pressure is above a certain threshold. The growth of a bubble by rectified diffusion results from the uneven mass transfer rate across the air-liquid interface 1 . This uneven mass transfer was explained in terms of the 'area' and the 'shell' effects by Crum 1 .
There have been numerous attempts to model the acoustic pressure threshold for rectified diffusion. Blake 2 was the first to develop theoretical equations describing rectified diffusion. However, Strasberg 3 later experimentally measured the sound pressure for rectified diffusion and observed values which were six times smaller than Blake's predicted threshold values. It was argued that the cause of this discrepancy was the effects of convection and bubble wall motions that were not accounted for.
An improved theoretical model that included these effects was presented by Hsieh Crum's work 1 remains the only experimental report of the enhanced growth rate of an air bubble by rectified diffusion in the presence of a surfactant. However, the understanding of the bubble dynamics in the presence of surfactants is crucial for some applications such as ultrasound contrast agents 15, 16 . Therefore, in this investigation a bubble undergoing rectified diffusion growth in the absence and in the presence of surfactants Sodium dodecyl sulfate (SDS) and Sodium dodecyl benzene sulfonate (SDBS) were performed.
Experimental Details
The surfactants used were high purity research grade samples. SDS was from BDH described by Tian et al. 19 in detail, enabled a bubble at a given point within an acoustic cycle to be imaged. For practical reasons, the strobe was adjusted to capture the bubble at the maximum size during its radial oscillations.
A single bubble was introduced with the aid of a syringe. Once the bubble was trapped at the antinode, the bubble image was magnified using a Specwell (10 x 30, extra short focus) microscope, recorded using a DAG MTI CCD100 video camera and sent to a PC via a Matrox Meteor video capture card. The magnification of the imaging system was determined by taking an image of a needle of a known diameter.
From this, the diameter of the bubbles was determined.
All experiments were conducted at a constant acoustic pressure of 0.22 bar. This acoustic pressure was measured using an interchangeable 1 mm PVdF calibrated needle hydrophone (Precision Acoustics Ltd). The signal from the needle hydrophone was then relayed to a Tektronix digital oscilloscope (model TDS360) with a termination impedance of 50 ohms.
Results
Once a bubble below the resonance size and above the threshold for rectified diffusion was captured at the antinode, the bubble remained very stable as it grew. As the bubble size increased, the buoyancy force increased and this led to an observation of a small upward displacement in the bubble position. The bubble growth rate as a function of the bulk concentration of SDS, calculated by measuring the slope on the radius time curve at a bubble radius of 40 mm (extracted from Figure 2 and Figure 3 ), is presented in Figure 4 . This figure shows that for a given acoustic pressure and bubble radius, the rate of bubble growth increases linearly with increasing SDS bulk concentration. The bubble growth rate (an average of 3 independent measurements) for 3 mM of SDBS is also shown in the figure.
Using a pendant drop tensiometer the surface tension for SDS and SDBS at this bulk concentration was measured and found to be 48 dyn/cm and 35 dyn/cm, respectively.
Despite the dissimilarities in the surface activity, the growth rate of the bubble for SDBS does not vary significantly from that of SDS at this bulk concentration.
Discussion
The results presented for surfactant systems reinforce the observations of Crum 1 : the presence of a surfactant indeed enhances the rate of growth of a bubble undergoing rectified diffusion compared to that in the absence of a surfactant. Crum 1 had plotted the bubble growth rate for Photoflo as a function of surface tension. A similar plot for SDS, SDBS is shown in Figure 5 . The experimental data for Photoflo and the theoretical equation developed by Crum 1 are also included . The bubble growth rate obtained by Crum was for a bubble radius of 50 mm whereas the growth rate obtained in this study was for a bubble radius of 40 mm. Owing to the volume oscillations occurring at a bubble radius of approximately 50 mm in the presence of SDS the growth rate at this radius could not be obtained. Figure 5 shows that the growth rate for an air bubble in water observed in our experiment is higher than that obtained by Crum 1 . The growth rate for water was not shown by Crum 1 , however, the rate at 68 dyn/cm would be approximately 1 mm/100s.
The difference between the growth rates would be even greater if Crum had chosen a bubble radius of 40 mm instead of a 50 mm bubble.
A possible cause of the discrepancy is the use of different experimental conditions. Crum 1 measured the bubble size by measuring the rise velocity of the bubble when the sound field is turned off. An error of 10% in the bubble radius is associated with the rise velocity measurements. Bubble dissolution during the rise time would increase the error further. Crum also reported a surface tension of 68 dyn/cm for water, whereas in our study, a surface tension of 72 dyn/cm was obtained. This apparent difference in water purity may also account for differences in experimental results. Finally, Crum measured the growth in equilibrium bubble size, whereas we report the growth in maximum bubble size during the radial oscillations. Figure 5 , shows that for all three surfactant systems, the growth rate increases with decreasing surface tension. However, for a given surface tension, these growth rates are different. The surface tension plotted in Figure 5 is the equilibrium surface tension where equilibrium adsorption is assumed. However, for an oscillating bubble surface, equilibrium adsorption may not be achieved and it may not be appropriate to compare different surfactants as a function of surface tension. A better approach would be to plot the growth rate as a function of moles of solute for a given volume as shown in Figure 4 . This is not possible for Photoflo because the surface activity and concentration of Photoflo were not specified. It was reported by Fyrillas and Szeri 12 that in addition to the orthoxylated octylphenol in Photoflo there are other unspecified components present. The observed similarities in bubble growth rates between SDS and SDBS in Figure 4 suggest that, in a dynamic situation, the concentration of adsorbed surfactant molecules may be of the same level. A similar observation has been reported in a sonoluminescence study involving surfactants with different surface activity [20] [21] [22] . The extent to which the sonoluminescence was influenced did not depend upon the surface concentrations of the surfactants. Figure 5 shows that the theory presented by Crum 1 is inadequate in estimating the bubble growth rate with decreasing surface tension due to the addition of a surfactant.
As discussed in the introduction, different theories on the effect of surfactants on the bubble growth via rectified diffusion have been presented in the literature 1, 12, 13 The presence of surfactants may also cause changes in the rheological properties of the bubble surface [23] [24] [25] [26] . At SDS concentrations below the CMC, (approximately 8 mM), the bulk viscosity is not affected 27 . However, at these low SDS bulk concentrations it has been shown that the surface exhibits both viscous and elastic (viscoelastic) properties 23, 24, 28, 29 .
The surface viscoelastic properties have been shown to be a function of both the bulk concentration of surfactant and the oscillation frequency 23, 24, 28, 29 . There is no known work to the authors' knowledge on the surface viscoelastic properties in the presence of SDS at a frequency in the kilohertz range. However, at frequencies below 500 Hz there is evidence that with increasing SDS concentration up until 3 mM there is a measurable increase in the surface viscosity and elasticity 23, 24, 28, 29 
Conclusions
In summary, the present study shows that the increase in the bubble growth rate as a function of bulk concentrations of SDS and SDBS compliments the result reported by 
